a series of processes termed "transkingdom interactions." Recent advances have shed light on the nature and importance of these transkingdom interactions for enteric virus replication, transmission, and disease.
ADVANCES:
The study of enteric virus pathogenesis has traditionally focused on viral virulence genes of classical pathogens and host immunity to these agents. Recent analysis of the viruses present in the intestine has revealed a dynamic and diverse taxonomic intestinal viral world (the enteric virome) featuring, in addition to recognized enteric viral pathogens, many new viruses and new relationships between known viral types and disease. We now know that enteric viral infection must be considered in light of the fact that viruses are part of a complex milieu of microbes and microbial products that directly and indirectly regulate viral pathogenesis. Thus, interactions of enteric viruses with other microbes are increasingly recognized as critical to viral infectivity, disease, and control. Studies leveraging the simple paradigm of examining enteric viruses in the intestine after natural oral infection have driven the field forward. It is now clear that members of the intestinal microbiome promote replication and transmission of enteric viruses from four different families: noroviruses, picornaviruses, retroviruses, and reoviruses. Therefore, the standard reductionist approach of understanding the pathogenesis of, and immunity to, viral infection in the context of a single virus interacting with a single host is too limited to capture the full range of relevant pathogenic mechanisms. This simple concept has broad implications for prevention and therapy of viral infections of great medical importance.
OUTLOOK: Despite recent rapid advances, there are still major gaps in our understanding of transkingdom control of enteric virus replication, pathogenesis, and transmission. Recognition of the important impact of the bacterial microbiota has advanced more rapidly than for any other component of the intestinal microbiota. A particular challenge for studies to comprehensively identify viruses within the enteric virome is their diversity and extreme sequence variability. A key direction for the field is to identify functional relationships governing transkingdom interactions in the intestine, including the dynamic coevolved relationship between the intestinal microbiota and innate and adaptive immunity. The field is now poised to define, in structural and biochemical terms, specific molecular mechanisms responsible for such transkingdom interactions. Future studies on the mammalian virome and transkingdom factors that influence viral infection may inspire new therapeutic approaches. In this Review, we explore the interplay between viruses, the microbiota, and host immune responses. We highlight how transkingdom interactions influence infection with mammalian enteric viruses, including pathogens.
Intestinal microbiota promote enteric virus replication. Enteric viruses can interact with bacteria before initiating replication in the mammalian intestine.This illustration shows norovirus interacting with bacteria. Through these interactions, and/or through microbiota-mediated alteration of host immune responses, intestinal microbiota facilitate enteric virus replication in the gut. E nteric viruses include important human pathogens that spread in food, water, and through contact. These viruses encounter an incredible environment on entry into the gastrointestinal tract and have evolved their outer layers, either proteinaceous capsids or lipid envelopes, to manage and leverage this complex milieu. Peristalsis moves enteric viruses through an assortment of pH gradients, digestive enzymes, and microbes before they penetrate the mucus layer or cross intestinal M cells to infect the host. Both direct and indirect interactions of enteric viruses with other microbes and the host immune system are increasingly recognized as a critical aspect of their infectivity, disease induction, and control (Fig. 1 ). Perhaps this is not surprising, since these viruses must complete their life cycle in the intestine, which is one of the most complex microbial environments on Earth (1) (2) (3) (4) .
Over the past decade, many studies have examined the composition and, to a lesser extent, the function of microbes that inhabit the intestine and other body sites (5-7). In addition to bacteria, the intestine contains multiple other types of organisms that can have profound effects on mucosal and systemic immune responses, including viruses (8) (9) (10) (11) (12) (13) (14) , fungi (15, 16) , and eukaryotes such as the protozoa Blastocystis (17) or helminths (18, 19) . Together, these organisms have been referred to as the microbiome or the microbiota. Given the emerging understanding of transkingdom interactions as determinants of host immunity and virus infection, it is possible that a large proportion of the unexplained variation in mammalian responses to infection may be due to interhost variation in the microbiota (1, 3, 4, 9, 10, (20) (21) (22) (23) (24) (25) (26) (27) .
The enteric virome
Analysis of the intestinal virome has revealed a dynamic environment featuring both bacteriophages and multiple eukaryotic viruses. Viruses that infect systemic tissues or other mucosal surfaces such as the lung also influence the intestine in important ways, including via control of tissue homeostasis, healing, and the outcome of infection with bacterial pathogens (23, 28) . Viruses can even benefit the host by promoting immune development and influencing tissue architecture (10, 20, 22, 23) . It is now possible to understand, albeit incompletely, the taxonomic structure of the viruses present in the intestine. The task of identifying the individual viruses present is in its infancy because many sequences obtained in random or "shotgun" libraries of DNA and RNA from intestinal contents or mucosae cannot be effectively annotated, owing to weaknesses in databases and the lack of easy-to-use software. A particular problem has been a focus on sequencing only entities with DNA genomes when so many enteric viruses have RNA genomes.
It is nevertheless clear that the viral contents of the intestine are remarkably complex (2, 4, 13, (29) (30) (31) . It has been estimated that the intestine contains about 100 trillion prokaryotic cells (32) , many of which carry temperate bacteriophages in their genomes. Bacteriophages that infect these prokaryotic organisms may be~10-fold more abundant than their host cells (1, 4, 33) . In addition, there is a eukaryotic virome in the asymptomatic host, with humans averaging at least 10 permanent systemic eukaryotic viral infections (3, 4, 20) . A variety of enteric viruses infect humans, including members of the Retroviridae, Adenoviridae, Astroviridae, Caliciviridae, Reoviridae, and Picornaviridae, Picobirnaviridae, Annelloviridae, and Circoviridae families. Some of these infections are very common (e.g., norovirus and reovirus), whereas others are rare (e.g., poliovirus, a picornavirus). Infections range from asymptomatic to severe acute disease to severe chronic disease. Asymptomatic people can shed noroviruses for prolonged periods (34) , and some strains of murine norovirus (MNoV) establish lifelong intestinal infection of mice (34) (35) (36) . Several studies have identified enteric viruses in feces from asymptomatic people or other mammals (3, (37) (38) (39) (40) (41) (42) ; the intestine of healthy children can contain various eukaryotic viruses, including picobirnaviruses, adenoviruses, anelloviruses, astroviruses, caliciviruses, bocaviruses, enteroviruses, circoviruses, rotaviruses, and sapoviruses (13, (43) (44) (45) (46) (47) . Together, these data indicate that the enteric virome has been vastly underestimated. Thus, the number of prokaryotic and eukaryotic viruses that might contribute to, or be regulated by, transkingdom interactions relevant to the intestine is daunting.
Replication and transmission of mammalian enteric viruses
For successful propagation and transmission, enteric viruses must navigate several unique niches within the gastrointestinal tract. Fewer than 100 viral particles are frequently sufficient for infection with human enteric viruses such as norovirus, rotavirus, and poliovirus (48) (49) (50) . Enteric viruses encounter low pH, proteolytic enzymes, microbiota, and intestinal mucus before replication in the intestine. Therefore, initiation of viral replication from the intestinal lumen is likely to be far more difficult than subsequent cycles of viral replication initiated by spread from previously infected intestinal cells or between cells in tissue culture. Different enteric viruses replicate in different cell types, ranging from enterocytes to lymphocytes to myeloid cells. After viral replication, progeny viruses are shed into the lumen, leading to transmission to new hosts.
Promotion of enteric viral infection by bacteria
To examine how intestinal microbes influence viral infection and transmission, many investigators use mouse models of infection, including antibiotic-treated animals or germ-free mice; each approach has pros and cons (51, 52) . Antibiotic treatment is relatively simple and inexpensive, but depletion of bacteria is incomplete and selective, depending on the antibiotic(s) used. Germ-free mice, while providing a "clean slate" devoid of all microbes, require specialized facilities and have immature intestinal architecture and immune responses compared with conventional mice; the organ targeted by enteric viruses is therefore abnormal. Mice are relatively resistant to a variety of human enteric pathogens, including many viruses and bacteria (53), rarely develop diarrhea, and cannot vomit. As a result, the general approach has been to examine human pathogens in immune-deficient and/or young mice and to examine mouse pathogens that are closely related to human pathogens in their natural host.
A combination of experiments using germ-free and antibiotic-treated mice infected with human and murine viruses has provided compelling evidence that the bacterial microbiota, through transkingdom interactions, influences viral infection (Fig. 2) . Intestinal bacteria promote replication and transmission of enteric viruses from four different families in orally infected mice. Mouse mammary tumor virus (MMTV), a member of the Retroviridae, is spread from mother to offspring through milk. Experiments in germ-free mice demonstrate that intestinal bacteria are required for efficient MMTV transmission (54) . Poliovirus, a member of the Picornaviridae, is spread by the fecal-oral route and can disseminate to the central nervous system. Intestinal bacteria enhance poliovirus replication, systemic pathogenesis, and fecal-oral transmission in mice (55, 56) . Intestinal microbes enhance replication and pathogenesis of reovirus and rotavirus, both members of the Reoviridae, in mice (55, 57) . MNoV, a member of the norovirus genus within the Caliciviridae, is commonly present in mouse facilities and is spread by the fecal-oral route. Several groups have shown that intestinal bacteria promote MNoV replication and persistence (10, 58, 59) . Notably, the beneficial effects of the bacterial microbiota on enteric viruses are not observed when viruses are delivered by intraperitoneal injection that bypasses the natural oral infection route (55, 59, 60) . This may explain why effects of the microbiota on enteric viruses were unrecognized until recently; many previous studies delivered virus by injection rather than the natural oral route.
Several enteric viruses that benefit from the bacterial microbiota bind bacterial surface polysaccharides, resulting in enhanced viral infectivity and pathogenesis. MMTV, a virus with a lipid bilayer envelope, binds lipopolysaccharide (LPS), a glycan on the surface of Gram-negative bacteria (54, 61) . As a consequence, viral infection initiates innate immune responses that culminate in host tolerance, viral replication, and transmission (Fig. 2) . Poliovirus, a nonenveloped virus, binds LPS as well as peptidoglycan, a major component of the bacterial cell wall, enhancing viral attachment to host cells and promoting transmission by stabilizing viral particles and limiting thermal inactivation (55, 56) (Fig. 2) . Human norovirus, a nonenveloped virus, binds carbohydrate histoblood group antigens (HBGAs) present on host cells and certain bacterial cells (58, 62) , facilitating human norovirus infection of B cells, likely through enhanced viral attachment to host cells (58) (Fig. 2) . Collectively, these studies indicate that diverse viruses have evolved to bind to and benefit from bacterial surface glycans.
Regulation of intestinal immunity to viruses by the microbiota
The intestinal immune system has been extensively reviewed (63, 64) . Here we focus on recent data relevant to the role of immunity in transkingdom interactions that regulate virus infection.
The bacterial microbiota influences immunity to a variety of viruses. Recently, it has been shown that preexisting antibodies to enteric bacteria can skew vaccine responses to cross-reacting HIV-1 antigens, arguably rendering a vaccine less protective (65) . Enteric bacterial components regulate vaccine responses to influenza in mice through activation of the innate immune receptor, Toll-like receptor 5 (TLR5) (66) . Antibiotic treatment of mice has profound effects on antiviral immunity at another mucosal surface, the lung, since antibiotic treatment prevents normal innate and 
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Enteric viral disease or no disease Fig. 1 . The microbiome alters enteric virus infection by both direct and indirect mechanisms. Shown is a schematic representation of major categories of organisms in the intestinal microbiome that, in aggregate, affect enteric infection with the four viral taxa shown. In some cases, transkingdom interactions affect enteric viruses directly through physical interactions between viruses and organisms or components of organisms within the intestinal microbiome. In other cases, the microbiome regulated viral infection indirectly by altering immunity. Systemic viral infection can also alter intestinal virus infection. Host genes also affect these transkingdom interactions, and the ultimate outcome of virus-triggered disease, as shown on the right.
adaptive immune responses to influenza, resulting in death of the host (67) (68) (69) . These results underscore the importance of the bacterial microbiota for antiviral immune responses.
Members of the enteric microbiota in addition to bacteria, such as helminthic worms, also have profound effects on intestinal antiviral immunity. Helminth infection of mice inhibits intestinal antiviral immune CD8 T cell responses to MNoV (70) , an effect that is independent of other members of the microbiota as it is observed in germ-free mice. Intestinal helminth infection also affects the control of systemic herpesvirus infection in mice (71) . Here, helminths induce secretion of cytokines such as interleukin-4 (IL-4) or IL-13, which triggers transcription from specific viral promoters and subsequent reactivation from latency. This effect is evolutionarily conserved between murine and human g-herpesviruses. Interestingly, in both of these studies, the effect of helminth infection was associated with worminduced changes in macrophage differentiation.
The role of macrophages in the control of intestinal biology is also suggested by the fact that systemic virus infection results in the production of type 1 interferons (IFNs), which through their effects on macrophages, substantially increase proliferation of intestinal epithelial cells, resulting in improved wound healing (28) .
Bacterial molecules also have striking effects on immune signaling pathways relevant to enteric virus infection. Virus-associated LPS induces TLR4 signaling, culminating in IL-10-mediated immune tolerance and increased transmission of MMTV (54) . Antibiotic treatment of mice prevents persistent enteric MNoV infection, an effect that is reversed by fecal transplantation (59) . This action of antibiotics required the presence of the IFN-l receptor, indicating that this signaling pathway is involved in transkingdom regulation of persistent enteric virus infection (Fig. 2) . Together, these data indicate that, in addition to direct binding of bacterial components to viruses, the indirect effects of the enteric microbiota on immunity can have profound effects on viral infection.
One of the most interesting findings to come from studies of transkingdom interactions and viral infection is the discovery of sterilizing innate immunity in the intestine (72, 73) . Treatment of mice with IFN-l effectively cured persistent MNoV infection in mice lacking T cells and B cells and therefore unable to mount an antigen-specific adaptive immune response. It is intriguing that enteric bacteria also control persistent enteric norovirus infection in a manner requiring the IFN-l receptor, although the mechanisms connecting these two observations remain to be elucidated (59) . In the case of rotavirus infection, treatment of mice with bacterial flagellin cured virus infection via a mechanism involving TLR signaling and induction of the cytokines IL-22 and IL-18. Again, viral clearance did not require adaptive immunity. It has recently been reported that IL-22 and IFN-l can synergize to clear enteric rotavirus infection, suggesting a common pathway for sterilizing innate immunity in the intestine (74) . Strategies to enhance these innate immune mechanisms, perhaps by manipulating the enteric bacterial microbiota, may be useful for treating enteric virus infection independent of vaccine responses. These studies indicate the importance of analyzing transkingdom interactions that control enteric viral infection as a window into fundamental mechanisms of immunity.
Complex genetic interactions dictate outcomes
Given that transkingdom interactions govern enteric virus infection, it is not surprising that viral disease is dependent on interaction of microbes and viruses with host genes (Fig. 1) . In one example, the combination of MNoV and a murine mutation in a human Crohn's disease susceptibility gene, ATG16L1, results in pathological abnormalities in intestinal Paneth cells when neither the host gene mutation nor the virus infection alone can induce these abnormalities (9, 75) . A similar process has been shown in studies of MNoV in combination with mutation of the immunoregulatory cytokine . Notably, virus-triggered colonic pathology in each of these studies is dependent on intestinal bacteria. In the case of MNoV-ATG16L1 interactions, treatment of mice with antibiotics ameliorated pathology, whereas in studies of MNoV-IL-10 interactions, pathology was ameliorated in germfree mice. Thus, virus-induced pathology in the intestine can be driven by a transkingdom interaction with bacteria.
Viruses may also control intestinal bacteria by transferring genes between bacteria and through predator-prey relationships in which bacteriophages alter the taxonomic structure of the bacterial microbiota (1, 8, 14, 47) . These types of transkingdom interactions may have disease relevance. For example, in human Crohn's disease and ulcerative colitis, enteric bacteriophages become more taxonomically complex even as the bacterial microbiota becomes less diverse and taxonomically rich (8) . This is consistent with disease-associated changes in predatoryprey relationships between viruses and bacteria. Taken together, these studies underscore the importance of transkingdom interactions, and the association of these events with host genetic variation, in dictating responses to infectious agents and inflammatory disease.
Future challenges
Although we have expanded our understanding of the virome and transkingdom control of enteric virus infection, several key challenges remain. First, a more thorough examination of the enteric virome, including both DNA and RNA viruses, and how it changes over time is essential. We do not fully understand all of the players in the complex dance of transkingdom interactions. Further, comparatively few studies have evaluated the intestinal mycobiome, the archaea, or the meiofauna. Characterizing the virome and other members of the enteric microbiota will allow investigators to more thoroughly explore the phenomenology of transkingdom control of viral infection, setting the stage for more mechanistic studies and therapeutic translation of novel concepts that arise.
Another challenge is making sense of multifactorial interactions that frequently have so many components related in nonlinear ways that they seem to defy analysis. It is likely that there will be more examples of mechanisms revealed only upon combined analysis of host genetics, components of the microbiota, and viral infection (9, 24, (54) (55) (56) . Furthermore, environmental factors such as diet and circadian rhythms are likely to influence enteric viral infections (76) (77) (78) . We are only taking the first steps on a long road into a new area of research in virology, but it is clear that we need to embrace this complexity if we are to fully understand viral pathogenesis and immunity.
Finally, we need to address whether new knowledge about enteric viruses gained by studies of transkingdom interactions can be used therapeutically. Although recent work implies that antibiotic treatment can have antiviral effects, this is clearly not a viable treatment option for enteric virus infections because of logistical issues and side effects, including disruption of the many positive effects that the bacterial microbiota has for the host. However, targeted therapies based on mechanistic insights into transkingdom interactions are more realistic. For example, treatment with IFN-l or bacterial flagellin could have substantial effects on enteric virus infection (72, 73) . Furthermore, it is possible that some enteric viruses may benefit the host by providing immunoregulatory cues (4, 10, 20) . Alterations of the infectivity of viruses by binding of bacterial or other microbiota components might alter virulence and immunogenicity. Identification of beneficial human enteric or systemic viruses may inform fecal transplant therapies.
Conclusion
The proviral effect of other microbes for enteric virus infection was revealed only recently, which is surprising considering that the technology required for most of the experiments has existed for many years. A simple conceptual advance, examining enteric viruses in the intestine after natural oral infection, was key for driving the field forward. Therefore, although reductionist experiments are important and aid our understanding of viral replication and pathogenesis, removing the complexity of the intestinal environment has apparently masked important biology.
Enteric viruses do not exist in a vacuum. They have evolved in the unique environment of the intestine for optimal replication and transmission. A complex interplay between viruses, bacteria, the host, and the environment determines the efficiency of viral replication, disease, and transmission. Recent work has shed light on factors that influence enteric virus infection. However, there are still major gaps in our understanding of enteric virus infection. Future studies on the mammalian virome and transkingdom factors that influence enteric viral infection may inspire new therapeutic approaches.
